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This paper presents the results of transmission electron microscopy (TEM) characterization on neutron-
irradiated samples taken from the low-flux and high-flux sides of the same fuel plate with U-7Mo fuel
particles dispersed in Mg matrix with aluminum alloy Al6061 as cladding material that was irradiated
edge-on to the core in the Advanced Test Reactor. The corresponding local fission density and fission rate
of the fuel particles and the average fuel-plate centerline temperature for the low-flux and high-flux
samples are estimated to be 3.7 � 1021 f/cm3, 7.4 � 1014 f/cm3/s and 123 �C, and 5.5 � 1021 f/cm3,
11.0 � 1014 f/cm3/s and 158 �C, respectively. Complex interaction layers developed at the Al-Mg interface,
consisting of Al3Mg2 and Al12Mg17 along with precipitates of MgO, Mg2Si and FeAl5.3. No interaction
between Mg matrix and U-Mo fuel particle was identified. For the U-Mo fuel particles, at low fission
density, small elongated bubbles wrapped around the clean areas with a fission gas bubble superlattice,
which suggests that bubble coalescence is an important mechanism for converting the fission gas bubble
superlattice to large bubbles. At high fission density, no bubbles or porosity were observed in the Mg
matrix, and pockets of residual fission gas bubble superlattice were observed in the U-Mo fuel particle
interior.

Published by Elsevier B.V.
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1. Introduction

The former Reduced Enrichment Research and Test Reactor
(RERTR) fuel program, currently called the Materials Minimization
andManagement (M3) fuel program, is developing low enrichment
fuels (<20% U-235) for research and test reactors around the world
[1e3]. The plate type dispersion fuel with U(Mo) fuel particles
dispersed in Al alloy matrix is a popular fuel form. It is known that
the extensive interaction occurs between the U-Mo fuel and
aluminum alloymatrix, which results in the development of phases
that could have detrimental effects on fuel performance [4e6].
Various approaches have been employed to mitigate the fuel-
matrix-interaction (FMI) including adding Si in Al matrix or
applying a thin Si or ZrN ceramic coating to minimize the diffusion
reaction between the U-Mo fuel particle and matrix [7e11]. Both
FMI and the irradiated microstructure of U-Mo fuel could have
significant impact on fuel performance. When choosing the matrix
material, it should have the following properties of low neutron
absorption, inert to chemical reactionwith fuel alloy, a highmelting
ials Division, Idaho National
, USA.
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point, good thermal conductivity, good compatibility with the
cladding, low solubility in the coolant, and good mechanical
properties. While aluminum alloy matrix is considered a primary
option for low enrichment fuel for research and test reactors, Mg
matrix may be considered an alternative as a result of its low
thermal neutron absorption, no chemical interaction with U-Mo
fuel alloy, good compatibility with Al cladding and good compati-
bility with fuel plate fabrication process similar towhat are used for
Al matrix fuels. A comprehensive review of the previous work on
Mg matrix U-Mo dispersion fuel can be found in a recent publica-
tion by Keiser et al. on scanning electron microscopy (SEM) inves-
tigation of the same U-7Mo/Mg dispersion mini fuel plate (ID:
R9R010) irradiated as part of RERTR-8 irradiation campaign at the
Advanced Test Reactor (ATR) at Idaho National Laboratory [12]. This
paper presents the recent transmission electron microscopy (TEM)
results that complement the reported SEM results.

No data on the TEM characterization of neutron irradiated U-
7Mo/Mg fuel has been found in the literature. Chiang et al. per-
formed TEM and micro x-ray diffraction (m-XRD) characterization
of U(Mo)/Mg dispersion fuel irradiated with 80 MeV Iodine ions to
1� 1017 ions/cm2 at the irradiation temperatures of 140 and 200 �C
[13]. A thin amorphous layer of U-Mg at the U(Mo)/Mg interface
was identified with a thickness of approximately 50 nm and
117
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Table 1
Irradiation conditions of U-7Mo/Mg fuel samples for TEM characterization.

Sample I.D.
(Fuel plate ID: R9R010)

KGT-1225
low flux

KGT-1222
high flux

Sample local fission density (1027 f,m�3) 3.7 5.5
Time-averaged local fission rate (1020 f,m�3,s�1) 7.4 11.0
Fuel temperature at fuel plate middle plane at

beginning of fuel life (�C)
119 145

Fuel temperature at fuel plate middle plane at end
of fuel life (�C)

127 171

Time-averaged fuel middle plane Temperature (�C) 123 158
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110 nm at 140 and 200 �C, respectively. The estimated atomic
displacement damage near the U(Mo)/Mg interface region from
nuclear stopping is greater than 50 displacements per atoms (dpa).
The m-XRD results show that, at low irradiation temperature of
140 �C, no irradiation-induced phase detected at U(Mo)/Mg inter-
face region and, at high irradiation temperature of 200 �C, an
irradiation-induced phase of U0.9Mg0.1 was detected with a bcc
structure with a lattice constant of 0.3313 nm and nanoparticle size
of ~16 nm. The general conclusion from Chiang's ion irradiation
study of U(Mo)/Mg interface is that Mg may be used to replace Al
matrix to suppress the amorphous FMI region.

Kammerer et al. investigated the reaction of pure Mg and Al
alloy 6061 using diffusion couples heat treated at 300 �C for 720 h,
350 �C for 360 h and 400 �C for 240 h [14]. Microstructural char-
acterization includes optical microscopy, SEM and TEM. The reac-
tion product at Mg/Al 6061 interface include a thin Al12Mg17 (g-
phase) layer, a much thinner Al30Mg23 (ε-phase) layer and a thick
Al3Mg2 (b-phase) layer although the ε-phase was not identified in
the diffusion couple tested at 400 �C. They concluded that the
activation energy for the growth of g-Al12Mg17 was significantly
higher than that for b-Al3Mg2 while the activation energy for
interdiffusion of g-Al12Mg17 was only slightly higher than that for
b-Al3Mg2.

Huang et al. performed interdiffusion experiments using U-7Mo
alloy and pure Mg at 550 �C for 96 h [15]. They used scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) to show that negligible interaction had occurred in the
annealed diffusion couple.

Furthermore, researchers at the Canadian Nuclear Laboratory
(CNL) are irradiating CNL-fabricated pin-type AA 1060-clad U-7Mo/
Mg and U-10Mo/Mg mini-elements with a uranium loading of 4.5
Fig. 1. SEM images of TEM lamella site map (right) and a magnified view (left) of the boxed
lamella were lift-out.

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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gU/cm3. The mini-elements are being irradiated in the Research
Universal (NRU) reactor at a nominal power of 100 kW/m to a target
burnup of 80 at. % U-235 depletion [16]. Structure and thermal
property calculations have been completed to support the irradia-
tion experiment [17], but detailed SEM or TEM characterization
results have yet to be reported.

This paper reports the first microstructural characterization
information from a neutron-irradiated U-7Mo/Mgmatrix fuel using
TEM. The TEM characterization was performed on samples taken
from the low-flux and high-flux sides of the same fuel plate with U-
7Mo fuel particles dispersed in Mg matrix with aluminum alloy
Al6061 as cladding material. The corresponding local fission den-
sity and life-averaged fission rate of the fuel particles and the peak
fuel-plate centerline temperature for the low-flux and high-flux
samples are calculated to be 3.7 � 1021 f/cm3, 7.4 � 1014 f/cm3/s
and 123 �C, and 5.5 � 1021 f/cm3, 11.0 � 1014 f/cm3/s and 158 �C,
respectively. These TEM results, combined with the previously
published SEM results, provide new insights on the irradiation
performance of the U(Mo) fuel with Mg matrix, which appears to
be a viable alternative to Al-based alloys as the matrix for U(Mo)
dispersion fuels.
109
2. Experiment

The R9R010 dispersion fuel plate (U-7Mo/Mg, 58.2% enrich-
ment) was irradiated in the ATR for approximately 90 effective full
power days. The fuel plate was positioned edge-on with respect to
the reactor core. As a result of steep neutron flux gradient across the
width of the fuel plate, one side was irradiated under the relatively
low fluxwhile the other side was irradiated under high flux. Table 1
summarizes the irradiation conditions of the TEM samples. Small
cylindrical punchings of 1.0 mm in diameter and roughly 1.4 mm in
length were produced from both the low-flux and the high-flux
sides of the fuel plate at the Hot Fuel Examination Facility (HFEF)
at INL. SEMMet-Mount samples were prepared in a glove box at the
Electron Microscopy Laboratory (EML). SEM analysis with both
secondary electron (SE) and backscattered electron (BSE) images
were produced from the polished samples. Compositional analysis
was performed using energy-dispersive spectroscopy (EDS) and
wavelength-dispersive spectroscopy (WDS). TEM lamella samples
were produced from the SEM samples using an FEI Quanta3D Dual-
Beam focused ion beam (FIB) system. Multiple ‘‘lift-outs’’ were
produced at specific sites of the SEM samples as shown in Figs. 1
area for low fission density sample (3.7 � 1021 f/cm3) with labels showing where the
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Fig. 2. SEM image of TEM lamella site map for high fission density sample (5.5 � 1021

f/cm3) with labels showing where the lamellas were lift-out.

Table 2
List of site specific TEM lamellas prepared by FIB lift-out.

TEM Lamella site ID: Note

Low fission density KGT-1225
D, F U(Mo)/Mg interface
A, B U(Mo) fuel particle interior
G, H, I Al cladding to Mg matrix interface

Areas C & E only for SEM

High fission density KGT-1222
G, J, E U(Mo)/Mg interface
C U(Mo) fuel particle interior
X, Y, Z Al cladding to Mg matrix interface
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and 2 for low fission density (KGT-1225) and high fission density
(KGT-1222), respectively. A list of TEM lamellas for both low flux
and high flux samples are shown in Table 2. TEM characterization
was carried out using a 200-kV JEOL-2010 TEM equipped with a 16-
bit digital camera (2048 � 2048 pixels) and a silicon drift detector
(SDD) for composition analysis with EDS. Both TEM and scanning-
TEM (STEM) imaging were used to capture various microstructural
features. Selected area diffraction (SAD) was used to identify the
structural information of interaction product and various pre-
cipitates. Composition analysis was carried out using EDS in STEM
Fig. 3. Comparison of SEM overview images of site A (left) and site B (right) for the inte

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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in spot mode, line scan and 2D elemental mapping.
3. Results and discussion

The TEM characterization results are presented in the following
three sections: 1) U(Mo) fuel particle interior, 2) U(Mo)/Mg inter-
face and 3) Mg/Al 6061 interface. Both low and high fission density
conditions are compared to reveal the microstructural evolution as
a function of fission density. Some cross comparisons of TEM and
SEM results have been made to better describe the irradiated
microstructure at different scales and the associated interaction
phases at the interfaces. The results from this TEM work are dis-
cussed in the context of those reported in the literature for an ion
irradiation study of U(Mo)/Mg fuel and the thermal annealing study
of the Mg/Al-6061 diffusion couples [13,14].

It is well known that TEM and SEM are complementary micro-
structural characterization techniques. TEM is capable of revealing
microstructural details at near-atomic resolution and of analyzing
defects and precipitates through diffraction or absorption contrasts
and microchemistry analysis. In contrast, the large bubbles of
several mm in sizes, as well as the general microstructure shown in
the SEM images in Figs. 1 and 2, cannot be captured in the TEM
images because their sizes are beyond the limit for TEM analysis.
Unlike irradiated structural materials which are relatively uniform
in general, the microstructure of the irradiated fuel at high fission
density can be highly heterogeneous on the mm scale. It is a general
practice to characterize irradiated fuel samples using optical mi-
croscopy, SEM and TEM to capture the major microstructural fea-
tures over a broad length scale. It is recognized that, while site-
specific TEM lamella from FIB lift-out allows one to reveal local
microstructures that typically cannot be revealed using conven-
tional TEM sample preparation techniques, the overall sample areas
for TEM analysis of FIB lamellas are quite limited due to their small
size (~15 � 15 mm2). It is always challenging to draw a general
conclusions based on just the TEM analysis of a limited number of
relatively small TEM lamellas that are made from the highly het-
erogeneous microstructure of an irradiated fuel. Due to the chal-
lenges of working with highly-irradiated fuel samples, typically
only a small number of TEM samples can be characterized. Never-
theless, the information acquired through TEM analysis is
extremely important to help improve the understanding of the
microstructural behavior of the fuels under irradiation and the
impact of changes in microstructure and microchemistry on the
fuel performance.
rior of two different U(Mo) fuel particles at local fission density of 3.7 � 1021 f/cm3.
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Fig. 4. Low magnification STEM image of site A lamella with labels for EDS
measurements.

Table 3
EDS measurement from area labeled in Fig. 3.

Spot U (wt%) Mo (wt%) Note

1 89.2 10.8 Relatively clean area
2 89.1 10.9 Relatively clean area
3 88.9 11.1 Relatively clean area
4 89.7 10.3 Relatively clean area

mean 89.2 10.8

5 90.7 9.3 Area surrounded by bubbles
6 89.9 10.1 Area surrounded by bubbles
7 90.6 9.4 Area surrounded by bubbles
8 90.5 9.5 Area surrounded by bubbles
9 92.7 7.3 Area surrounded by bubbles
10 90.4 9.6 Area surrounded by bubbles

mean 90.8 9.2

Table 4
EDS measurement from area labeled in Fig. 4.

Spot Sr Y Zr Mo Ba Ce Nd U

1 37.6 18.0 16.4 1.2 19.0 6.2 0.2 1.5
2 28.4 25.5 30.5 1.9 0 12.5 0 1.2
3 24.7 15.3 18.4 7.1 4.1 12.0 7.5 10.9
4 18.8 27.0 32.9 0 10.3 11.0 0 0
5 23.2 25.2 18.5 4.2 15.5 10.3 0.9 2.1
6 21.5 28.0 20.7 1.9 6.2 20.0 0 1.7

mean 25.7 23.2 22.9 2.7 9.2 12.0 1.4 2.9

Fig. 6. Low magnification STEM image of site B with area labeled for EDS
measurement.
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3.1. Microstructure of U(Mo) fuel particle interior

At a local fission density of 3.7 � 1021 f/cm3, a comparison of
SEM images of the sectional view for sample from site A and B is
shown in Fig. 3. It clearly shows the heterogeneous microstructure
of the irradiated U(Mo) fuel where site A shows noticeably higher
volume fraction of bubbles than that of site B under the same
nominal fission density. One possible cause of the higher number
density of bubbles seen in site A is that smaller grains in that region
promote the development of more large grain boundary bubbles
due to the presence of more grain boundaries.

A lowmagnification STEM image of site A with areas labeled for
EDS measurement in spot mode is shown in Fig. 4. Most of these
Fig. 5. Intermediate magnification STEM image of site A with labels for EDS m

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
bubbles are faceted with a broad size range from ~1 mm down to
~50 nm. Some elongated bubbles are clearly visible, indicating
bubble coarsening likely occurred at the specified fission density at
grain boundary regions. Since the EDS measurements reveal that
the summation of the U and Mo composition is approximately
95 wt.%, for simplicity on the effect of local Mo concentration on
bubble morphology and distribution, only the results of EDS mea-
surement on U andMo is tabulated in Table 3. Looking at the results
for spots 1e4 that are from relatively clean areas and spots 6e10
that are more closely surrounded by bubbles, a rough estimate
shows that the average Mo concentrations in the relatively clean
area vs. the area closely surrounded by bubbles is 10.8 wt% and
9.2 wt%, respectively. This difference is generally consistent with
the role of Mo on stabilizing the bcc phase in U(Mo) for better
microstructural behavior under irradiation. Note that Mo is also a
fission product with high fission yield therefore the irradiated
U(Mo) fuel is expected to have higher Mo than its nominal 7.0 wt%
easurement on solid fission product accumulated inside the large bubbles.

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

diated U-7Mo/Mg dispersion fuel, Journal of Nuclear Materials (2017),



Table 5
EDS measurement in wt.% from area labeled in Fig. 6.

82. Spot U Mo Note Spot U Mo Note

1 86.9 13.1 Clean area 11 91.6 8.4 Bubble area
2 88.5 11.5 12 92.1 7.9
3 89.0 11.0 13 91.7 8.3
4 88.1 11.9 14 91.0 9.0
5 88.5 11.5 15 97.5 2.5
6 88.5 11.5 16 97.0 3.0
7 89.0 11.0 17 90.9 9.1
8 88.2 11.8 18 92.3 7.7
9 87.3 12.7 19 91.7 8.3
10 88.7 11.3 20 91.5 8.5

mean 88.3 11.7 Clean area mean 92.7 7.3 Bubble area
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in the fresh fuel. The fluctuation in local Mo content in the irradi-
ated fuel particles could also be attributed to the heterogeneous
distribution of Mo and U-235 in the U(Mo) fuel feedstock that was
used to produce the atomized U(Mo) fuel particles for dispersion
fuel.

The STEM image of the same area at higher magnification is
shown in Fig. 5. Solid fission product accumulation at these large
Fig. 7. Comparison of SEM sectional view of U(Mo) fuel from site C of high fission densit

Fig. 8. A montage (left) of TEM lowmagnification image of irradiated U(Mo) from site-C at a
boxed area showing the subdivided grains with small pocket of residual GBS in the low-lef

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
bubbles is evident. EDSmeasurements of the features labeled in the
STEM image are listed in Table 4. The average composition over the
6 EDS measurements in atomic percentage is approximately 26%Sr,
23%Y, 23%Zr, 3%Mo, 9%Ba, 12%Ce, 1%Nd and 3%U. The precipitation
of solid fission product (SFP) to the large bubbles has been observed
in previous work [18]. Although Mo is also a high yield fission
product like Zr, but its content is quite low in these SFP precipitates,
likely contained in the U(Mo) fuel matrix. Note that this SFP pre-
cipitation at large bubbles in irradiated U(Mo) is similar to the 5-
metal precipitates (Pd-Rh-Ru-Tc-Mo) observed in the irradiated
UO2 [19], although there are large difference in fuel material (metal
vs. oxide), irradiation temperature (low vs. high) and fission density
(high vs. low) among the two fuels.

As shown in Fig. 3, the microstructure of sample site B is quite
different from that of site A. A lowmagnification STEM image of site
B is shown in Fig. 6. The labels indicate where EDS measurements
for U and Mo were performed. Spots 1e10 are in the clean areas
without large bubbles while spots 11e20 are located in the areas
surrounded by bubbles in a “thick band”. The EDS composition
results are listed in Table 5. Note that Mo depletion at the grain
boundary region is typically observed for U(Mo) fuel, which may
y (left) (5.5 � 1021 f/cm3) and site A of low fission density (right) (3.7 � 1021 f/cm3).

high fission density (5.5 � 1021 f/cm3) and a high magnification view (right) of the small
t corner.
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Fig. 9. TEM high magnification images of irradiated U(Mo) from site-C reveal various features of small pocket of GBS oriented at [100] zone (left), bubble coarsening (middle) and
random distribution of fine bubbles (right) at a fission density of 5.5 � 1021 f/cm3.
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help promote early development of large bubbles in these regions.
This is due to the possible presence of a less stable g-phase (bcc) in
U(Mo) due to the lower Mo content compared to the target con-
centration of 7 wt.% Mo for the fuel that can potentially result in
poorer irradiation performance [2]. The EDS data show a significant
difference in Mo content between the clean area (11.7 ± 0.7 wt.%)
and bubble area (7.3 ± 2.4 wt.%). Spot 15 and 16 may be on an a-U
phase based on the very low Mo content. By excluding these two
data points, the average Mo content from the bubble area will
Fig. 10. STEM images of low magnification (upper-left) and the detailed microstructure of
subdivided grains from site-C for the high fission density sample (5.5 � 1021 f/cm3).

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
change to 8.4 wt%, which is still 28% lower than 11.7 wt% from the
clean area. Note that the clean areas shown for both site A and B are
filled with very high concentrations of fine fission gas bubbles of
~3 nm arranged in an fcc gas bubble superlattice (GBS) which were
investigated extensively in the previous work [20,21]. Since the
TEM lamella produced from site A and B are not thin enough for
detailed TEM characterization, the high magnification TEM images
of GBS are not available for these two sample conditions.

At a high fission density of 5.5 � 1021 f/cm3, the average size of
the boxed area showing large bubbles surrounded by U(Mo) fragments consisting of
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Fig. 11. SEM low magnification images of sectional view of site F (left) and site D (right) from low fission density sample (3.7 � 1021 f/cm3).

J. Gan et al. / Journal of Nuclear Materials xxx (2017) 1e18 7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

NUMA50402_proof ■ 19 July 2017 ■ 7/18
the large bubbles is significantly larger than for the low fission
density (3.7 � 1021 f/cm3) sample, as shown in Fig. 7, which com-
pares the SEM images for the sectional view from site C of KGT-1222
and for site B of KGT-1225. Fig. 8 shows a montage (left) of TEM low
Fig. 12. TEM images of site F at 3.7 � 1021 f/cm3 at low magnification reveal U(Mo)/Mg inter
GBS fine bubbles at zone [100] of U(Mo) (D) where the inset shows the select area diffract

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
magnification images of irradiated U(Mo) from site-C and a high
magnification view (right) of the small boxed area showing the
subdivided grains with small pockets of residual GBS in the low-left
corner. Note that there is no evidence of large bubble development
face (A), U(Mo) fuel particle interior (B), Mg matrix (C), and high magnification view of
ion at zone [100] of U(Mo).
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at the boundaries of subdivided grains. Fig. 9 shows the TEM bright
field images of detailed microstructural features from different
region of the irradiated U(Mo) at high magnification. The image on
the left reveals the pocket of residual GBS oriented at zone [100] in
bcc U(Mo). The image in the middle captures bubble coarsening
similar to what was reported in the previous work [18]. The image
on the right displays the random distribution of fine bubbles at very
high number density (see Fig. 10).

3.2. Microstructure at U(Mo) fuel and Mg matrix interface

The irradiated microstructure at the interface of U(Mo) fuel
particle and Mg matrix was of particular interest for this TEM
investigation, since finding amaterial that does not interact with U-
7Mowould be very beneficial. For dispersion fuel with Al or Al alloy
matrix, U-7Mo fuel can react with the matrix during fuel fabrica-
tion to form fuel-matrix interaction (FMI) intermetallic phases, and
this interaction will continue during reactor irradiation. It is
desirable to suppress FMI by physical means, where one of the
approaches is to use an alternative material like Mg, which is a
material that will not react with U-7Mo during irradiation. It is of
interest to see if there actually is FMI at a very fine scale. TEM is
required to make this determination.

At fission density of 3.7 � 1021 f/cm3, SEM images of the
sectional view for samples from site F and D are shown in Fig. 11.
Both images show no evidence of contrast variations that may
indicate the presence of an interaction product at the interface.
Unlike that of Al alloy matrix U(Mo) dispersion fuel where large
bubbles tend to develop near the FMI/matrix interface, it appears
that the population of large bubbles in U(Mo) fuel for theMgmatrix
dispersion fuel is into the U-7Mo fuel particle away from the fuel-
Fig. 13. STEM image with labels for EDS measurement and the EDS spectrum

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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matrix interface. This may be explained by the lack of FMI layer in
Mgmatrix fuel, which is speculated to improve the heat conduction
at the interface, therefore keeping the local temperature low and
suppressing the mobility of fission gas atoms. Note that evenwith a
fuel fabrication defect shown in Mg matrix as a relatively large
cavity for site D sample, there is no evidence of negative impact on
the irradiated microstructure in U(Mo) in term of large bubbles,
likely attributed to the good thermal conductivity at the U(Mo) fuel
and Mg matrix interface. Defects in the Mg matrix in the fresh fuel
can be reduced through optimization of fuel fabrication processing.
This particular fuel plate was a test plate where the fabrication
methods were not optimized.

TEM images of site F at low magnification for interface region
and high magnification for the GBS fine bubbles oriented at zone
[100] of bcc U(Mo) are shown in Fig. 12. At the U(Mo)-Mg matrix
interface, a thin layer of <200 nm contrast variation from Mg ma-
trix is observed (Fig. 12 A). The interior of U(Mo) fuel particle
consists of areas with and without large bubbles (Fig. 12 B), similar
to that shown in Fig. 4. The TEM image of Mg matrix at low
magnification reveals some elongated grain texture (Fig. 12 C). Mg
remains crystalline and no fission product was detected by EDS. A
highmagnification TEM bright field image (Fig.12 D) from the clean
area of U(Mo) oriented at zone [100] shows GBS fine bubbles. It is
well known that this GBS has a fcc super structure with all three
major axes coincident with bcc U(Mo). The measurement on the
GBS indicates an average bubble size of 3.5 ± 0.2 nm and a super-
lattice constant of 11.2 nm, consistent with the previous measure-
ments for GBS [20,21].

The composition analysis of the fuel-matrix interface region is
shown in Fig. 13 with labels for EDS measurement in spot mode,
along with three EDS spectrum collected from three distinctively
from spot a, c and f for site F at low fission density of 3.7 � 1021 f/cm3.
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Fig. 14. Low magnification STEM image and EDS line scan in arbitrary unit of x-ray intens

Table 6
EDS result of U(Mo)/Mg interface in wt.% from areas labeled in Fig. 13.

Spot Mg U Mo Note

a 94.7 3.0 2.3 Mg matrix
a2 96.9 2.2 0.9 Mg matrix
b 20.0 70.8 9.2 Mg side next to U(Mo), ~68 at.% Mg
c 48.5 45.1 6.4 Mg side next to U(Mo), ~89 at.% Mg
d 35.5 57.4 7.1 Mg side next to U(Mo), ~82 at.% Mg
e 31.7 60.3 8.0 Mg side next to U(Mo), ~79 at.% Mg
f 0 90.3 9.7 U(Mo) near interface
g 0.2 93.4 6.4 U(Mo) near interface
h 0 90.2 9.8 U(Mo) near interface

J. Gan et al. / Journal of Nuclear Materials xxx (2017) 1e18 9

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78

NUMA50402_proof ■ 19 July 2017 ■ 9/18

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
different region. Note that the Cu peaks are the result of the Cu grid
used for TEM lamella, which is enhanced when X-rays from heavier
elements are excited. These peaks are typically ignored for quan-
titative analysis. The results of EDS measurements inwt.% are listed
in Table 6. The narrow region of contrast variation at the U-7Mo/Mg
interface is of interest, and the composition measurements that
were taken had an average Mg concentration of ~34 wt.% or
~80 at.%Mg as amean of the EDSmeasurements for spots b, c, d and
e in Table 6. It appears that small amounts of U and Mo accumulate
in this narrow band of less than 200 nm where no convincible
evidence of fission gas bubbles can be found. One possible mech-
anism is radiation enhanced mixing at the interface. Due to the lack
of diffusion reaction between U(Mo) andMg, thewidth of mixing at
ity at U(Mo)/Mg interface for site F of low fission density sample (3.7 � 1021 f/cm3).
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the interface is very limited. Inside the U(Mo) fuel interior, the
measured U andMo for site F is in agreement with the result shown
in Table 3 for site A at the low fission density.

Fig. 14 shows low magnification STEM image and EDS line scan
in arbitrary unit of X-ray intensity at the U(Mo)/Mg interface for site
F. There are one hundred data points for the specified line scan. The
composition profile could be linked to the elemental X-ray intensity
profile. It clearly reveals a slightly increase in U and Mo in the
narrow band of contrast variation in Mg near the interface. This
narrow band is seen around the interface with varying width.

At high fission density of 5.5 � 1021 f/cm3, SEM images with
sectional views of the U(Mo)/Mg interface from site G, J and E are
shown in Fig.15. Themicrostructure at the interface looks similar to
that at low fission density. The high magnification view for site G
reveals some U(Mo) debris at the interface. This debris is likely
resulted from fuel fabrication since it is only observed in few spots
at the interface. The lack of large bubbles in U(Mo) near the inter-
face region is evident even at high fission density, which is
consistent with the observation at low fission density. Fig. 16 shows
STEM low magnification image along with an EDS line scan across
the U(Mo)/Mg interface as well as the debris and several features in
Mg matrix with varying contrast. The composition profile and EDS
measurement confirm the black debris as U(Mo) and the dark gray
feature asMg-O compound. Fig.17 shows the TEM images revealing
the details of the interface at high magnification for area with
debris-like features shown on the left and the area with a narrow
band along the interface shown on the right with slightly dark
Fig. 15. Low magnification SEM sectional views of U(Mo)/Mg interface region at high fission
and a high magnification image for site G (bottom right) from high fission density sample.
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contrast than theMgmatrix. EDS analysis shows the composition of
this narrow band in at.%, which is approximately 83%Mg,11% U and
6% Mo. This is in general agreement with the EDS measurement at
the low fission density where the value was ~80 at% Mg. Based on
the shape of these small features, these could be the result of
precipitation of U(Mo) from the mixing of U(Mo) and Mg at the
interface caused by energetic fission fragments. The width of the
narrow band appears similar to that of low fission density although
small particulate features are more evident at the high fission
density. At high fission density, the Mg matrix still remains crys-
talline while MgO turns to amorphous. It suggests the oxygen
contamination during the fuel fabrication process could have a
direct impact to its irradiated microstructure. Fission product
accumulation in Mg matrix was not detected by EDS.

In comparison to the ion irradiation study, Chiang et al. reported
that the radiation induced phase of U0.9Mg0.1 was found at 200 �C,
but not at 140 �C. This radiation-induced phase was not identified
in the neutron-irradiated Mgmatrix dispersion fuel at the interface
region from this work. The time averaged fuel centerline temper-
ature for low and high fission density sample are calculated to be
123 �C and 158 �C, respectively [12]. The irradiation temperature
between the ion and neutron irradiation seems comparable. In the
ion irradiation with 80 MeV iodine ions, the total ion fluence was
estimated to be equivalent to ~2.0 � 1020 f/cm3 after ~17 h of
irradiation, approximately 10% of the FRM II fuel element peak
fission density [22]. This is more than one order of magnitude lower
than the fission densities in this work. It is speculated that either
density (5.5 � 1021 f/cm3) for site G (top-left), site J (top-right) and site E (bottom left)
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Fig. 16. STEM image of U(Mo)/Mg interface region at high fission density (5.5 � 1021 f/cm3) for site TEM lamella along with EDS line scan of composition profile in wt.% where the
black debris identified as U(Mo) and dark gray feature as Mg-O compound.
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the radiation induced U0.9Mg0.1 phase could not form under the
given neutron irradiation condition or this phase may only develop
at low fission density and may dissolve at high fission density.
Chiang also reported a thin amorphous layer of U-Mg with a
thickness of 50 nm and 110 nm at 140 �C and 200 �C, respectively.
This thin layer induced by ion irradiation appears similar to the
narrow band seen in the neutron irradiated Mg matrix fuel at the
U(Mo)/Mg interface except the latter is not amorphous. Based on
the fluence and damage profile for ion irradiation and fission
density for neutron irradiation, the estimated energy deposition
rate in U(Mo) between the 80 MeV iodine ion irradiation and
neutron irradiated high flux sample (KGT-1222) is 0.76 � 1021 and
0.42� 1021MeV/cm3-hr, respectively. The higher energy deposition
rate at relatively low irradiation temperature may result in the
Please cite this article in press as: J. Gan, et al., TEM characterization of irra
http://dx.doi.org/10.1016/j.jnucmat.2017.07.030
formation of the amorphous thin layer under ion irradiation.
3.3. Microstructure at Mg matrix - Al alloy cladding interface

The irradiated microstructure at the interface between Mg
matrix and Al alloy cladding is also investigated in this work. Of
interest in this region are the phases that are present after irradi-
ation and the radiation stability of these phases. Since the TEM
characterization of the fresh fuel condition is not available for
comparison with the irradiated fuel, the microstructural features
found at this interface may not be induced by irradiation. It is
known that Mg typically reacts with Al at higher temperatures to
form various interaction products as a result of diffusion reaction
from fuel fabrication processes. The comparison of interface
diated U-7Mo/Mg dispersion fuel, Journal of Nuclear Materials (2017),



Fig. 17. TEM images of site F at high magnification with detailed view at interface region at high fission density (3.7 � 1021 f/cm3) from two different areas where the image on the
left showing more large particulate features than the image on the right.
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microstructural features between the irradiated fuel and that of
diffusion couple annealing experiment should be helpful to shed
the light on the radiation stability of the reaction product at the
interface and its potential impact on fuel performance.

FIB SEM low magnification images of sectional view of site G
(left) and site H (right) at the interface of Mgmatrix and Al cladding
from a low fission density sample (3.7 � 1021 f/cm3) are shown in
Fig. 18. The left side of site G, as shown in the image, was cut from
the Al alloy cladding, and the right side of site Hwasmachined from
the Mg matrix. Site I, which is partially visible in the low-right
corner of the SEM image for site H, is further into the Mg matrix
as shown in the FIB site map in Fig. 1. Note the large differences in
the thickness of reaction product shown in Fig. 1 (left), where
approximately 5 mmof interaction product is found at the U(Mo)-Al
interface and negligible interaction product is observed at the
U(Mo)-Mg interface. This local, relatively thick FMI layer is the
result of direct contact of a U(Mo) particle with the Al alloy cladding
at the interface of Mg matrix and Al alloy cladding. Complex
microstructural features can be found in the SEM image of site G
where various sizes of black and white precipitates are present. Site
H is relatively clean in terms of large precipitates except for the
Fig. 18. SEM low magnification images of sectional view of site G (left) and site H (right) at t
cm3).

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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presence of light gray features.
TEM images of site G shown in Fig. 19 (AeD) reveal more details

on the transitional microstructure from Al alloy (cF4 structure)
to Al3Mg2 (cF1832 structure) where the red arrows in low magni-
fication image A identify the boundary between the two phases.
Composition and structural analysis with EDS and SAD confirmed
that the white precipitates are Mg2Si precipitates (cF12 structure).
The large black features (~1 mm) in image B are identified as the Fe-
Al rich phase, which has an estimated FeAl5.3 composition from EDS
measurement. However, the SAD data indicates that the structure
does not match that for FeAl6. The small black precipitates in image
B and D are an Al-Cr-Mn-Fe compound with a composition of
approximately Al87(Cr, Mn, Fe)13. The short white arrows in
Fig. 19(C) mark the large thin platelet precipitates located in the Al
right next to the boundary line between Al and Al3Mg2 phase. These
are the Mg-rich precipitates residing on the (100) plane of fcc Al
and their exact composition and structure cannot be determined
from this work due to limitations of the instrument. Fig. 20 shows
the SAD zone pattern in the Al at [100] (left) and the bright field
images of the large Mg-rich platelet precipitates at [100] (middle).
After tilting toward the 10 o'clock direction for 24� (right), the thin
he interface of Mg matrix and Al cladding from low fission density sample (3.7 � 1021 f/
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Fig. 19. TEM low magnification overview of site G lamella (A) with red arrows marking the interface between Al and Al3Mg2, and three detailed views at higher magnification from
the transition areas marked by the long lines from low fission density sample (3.7 � 1021 f/cm3). The white arrows in Al mark the Mg-rich large thin platelet precipitates in Al (100)
planes near the interface between Al and Al3Mg2 (C). See text for details on other precipitates shown in picture (B) and (D). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 20. TEM images of SAD zone [100] in Al (left) near Al-Al3Mg2 interface showing Mg-rich large platelet precipitates at [100] (middle) and after tilt to the 10 o'clock direction for
24� (right).
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Fig. 21. STEM image and EDS mapping showing various types of precipitates in Al3Mg2 near Al cladding and Mg matrix interface in site G lamella at low fission density (3.7 � 1021 f/
cm3).
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platelet characteristic of these large precipitates with size up
to ~ 1 mm can be revealed. A low-resolution EDS elemental map
from site G TEM lamella is shown in Fig. 21. It clearly shows the
large black precipitates are enriched in Fe and Al, the white pre-
cipitates are enriched in Mg and Si, and the small black precipitates
are Fe-rich.

A TEM low magnification overview and an intermediate
magnification image for site H lamella are shown in Fig. 22. The red
dashed line marks approximately the boundary between Al3Mg2
phase (cF1832 structure) and Al12Mg17 phase (cI58 structure). The
feature with slightly dark contrast and small black dots are
Fig. 22. TEM low magnification overview view of site H (left) and the detailed view

Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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identified to be MgO by EDS measurement. The white features are
either a perforation in irregular shape or extremely thin areas.
These areas with high concentration of MgO in Al12Mg17 phase are
likely the result of oxygen contamination from fuel fabrication.
Fig. 23 shows the STEM image from a region near the edge of the
site H sample, where the arrowed line shows the EDS line scan
along with the x-ray intensity profile that reveals the composition
changes as one moves through the MgO, the Al12Mg17 and Al3Mg2
phases.

Fig. 24 reveals the low magnification TEM overview of site I
lamella with EDS spectrum from 5 areas (a e e). The spectrums
at high magnification (right) from low fission density sample (3.7 � 1021 f/cm3).
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Fig. 23. STEM image of site H (top) from low fission density sample (3.7 � 1021 f/cm3)
and the x-ray intensity profile of elemental line scan showing the presence of Mg-O
and the transition between Al12Mg17 and Al3Mg2 phase.

Fig. 24. STEM image of site I (top) and the EDS spectrum showing the transition from
Al12Mg17 (a, b and c) to Mg phase (d and e).
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indicate a transition from M17Al12 at a, b and c to Mg at d and e. By
combining all the information from 3 TEM lamellas (G, H and I)
taken from the low fission density sample, it is possible to show
that the reaction layer between Al alloy cladding and Mg matrix is
approximately 70 mm thick with a transition sequence of
Al/Al3Mg2/Al12Mg17/Mg. The reaction layer thickness for the
Al3Mg2 phase seems larger than that for the Al12Mg17 phase. Fig. 25
shows the TEM bright field images at g ¼ 3e30 in the Al12Mg17
phase at both low and high magnifications. High concentration
stacking faults and spotty features are clearly visible. These spotty
features are likely small MgO precipitates similar to that shown in
Fig. 22. Comparing to the reaction phases identified in the Mg-
Al6061 diffusion couple work by Kammerer et al. [14], a thin
layer of Al30Mg23 phase was not found between Al3Mg2 and
Al12Mg17 in the irradiated Mg-matrix U(Mo) dispersion fuel. One
possible explanation is that this phase may not be stable under
irradiation hence its nucleation and growth is inhibited in the
irradiation fuel.

At high fission density of 5.5 � 1021 f/cm3, an enlarged edge-on
view of the site X, Y and Z from KGT-1222 sample is shown in
Fig. 26. A large fabrication defect can be seen on one side of site Z
lamella. It is believed that this type of defects introduced from fuel
fabrication can be effectively mitigated through optimization of
fabrication process control. Fig. 27 shows a montage of low
magnification TEM images from site X, Y and Z. It is evident that
these three lamellas, crossing a length of approximately 55 mm,
Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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only capture a portion of the transitional microstructure at the
interface of Mg matrix and Al alloy cladding. While phase Al3Mg2
and Al are missing in the pictures, a large area of carbon is identi-
fied by EDS measurement in site Y and Z lamellas. The unexpected
presence of carbon is likely introduced as a result of material
contamination. Comparing to the interface microstructure in the
transition fromMg to Al12Mg17 for low fission density sample (KGT-
1225), the microstructure in the similar transition region for the
high fission density sample (KGT-1222) is more complex. It appears
that this transition microstructure consists of (1) Mg, (2) Mg with
Al12Mg17 precipitates, (3) a mixture of (2) plus Al12Mg17 phase, and
(4) Al12Mg17 phase. Fig. 28 shows an enlarged view of site X lamella
from region in the upper right corner with EDS line scan from
Al12Mg17 phase to Mg phase with Al12Mg17 precipitates. It is not
clear whether this difference in transitional microstructure at Mg-
Al interface region is from inhomogeneity in the fresh fuel micro-
structure or from radiation effect at high fission density. Since
Al3Mg2 is not captured in site Z lamella, whether a thin layer of
Al30Mg23 phase is present between Al3Mg2 and Al12Mg17 phase for
130
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Fig. 25. TEM bright field image at g ¼ 3e30 in Al12Mg17 (cI58 structure) at low (left) and high (right) magnification revealing high concentration stacking faults (top-right) and
spotty features (bottom-right) for site I lamella at 3.7 � 1021 f/cm3.

Fig. 26. FIB SEM image of site X, Y and Z at the interface of Mg matrix and Al alloy
cladding for the high fission density sample (5.5 � 1021 f/cm3).

Fig. 27. A TEMmontage image of low magnification overview of site X, Y and Z at the interfa
cm3.
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the high fission density fuel cannot be verified in this work.
Overall, the characterized phases at the fuel meat (U-7Mo with

Mg matrix)/Al alloy cladding interface for both the low and high-
fission density samples did not exhibit regions with large
porosity. It appeared that the phases present in the interaction zone
exhibited good radiation stability and remained crystalline.

4. Summary

TEM characterization of the irradiated U(Mo)/Mg dispersion fuel
plate with Al6061 cladding reveal complex transitional micro-
structure at Mg-Al alloy interface with no evidence of Mg-U(Mo)
interaction at the interface between Mg matrix and U(Mo) fuel
particles. The microstructure of the U(Mo) fuel particles between
Mg matrix and Al alloy matrix is in general consistent except the
former shows much less large bubbles near fuel particle surface
region. This further improves heat conduction for fuel particles in
addition to the absence of FMI.

At fission density of 3.7 � 1021 f/cm3, the interaction layer at Al
ce of Mg matrix and Al alloy cladding for sample at a high fission density of 5.5 � 1021 f/
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Q3

Fig. 28. A STEM image and EDS line scan at Mg - Al interface region (site X) at a fission
density of 5.5 � 1021 f/cm3 revealing transition from Al12Mg17 phase (left) to Mg (right)
including Al12Mg17 precipitates shown in dark contrast.
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alloy cladding and Mg matrix consists of Al/Al2Mg3 (~30 mm)/
Al12Mg17 (~20 mm)/Mg. The complex cubic phase Al2Mg3 (1832
atoms) contains low concentration stacking faults while the less
complex cubic phase Al12Mg17 (58 atoms) reveals very high density
of stacking faults. The Al12Mg17 phase contains MgO precipitates
shown as irregular or spotty features with dark contrast. The Mg2Si
precipitates (200e1000 nm) are shown as white feature mainly in
Al3Mg2 phase within 10 mm from the Al/Al3Mg2 interface. Other
type precipitates at the Al-Mg interface region include low density
large FeAl5.3 precipitates (up to 1 mm) and high density small pre-
cipitates (Al-Cr-Mn-Fe) in Al2Mg3 and Mg-rich large thin platelet
precipitates in Al. A thin lay (~200 nm) with slightly gray contrast
right next to the U(Mo) fuel particle surface is likely caused by
radiation-induced mixing. The interior microstructure of U(Mo)
fuel particles reveals a correlation of higher Mo with relatively
clean microstructure and lower Mo with more pronounced large
bubble development. The small elongated bubbles wrapping
around the clean area suggests that bubble coalescence is an
important mechanism to convert GBS to large bubbles. The clean
areas consist of fine GBS bubbles of approximately 3.5 nm with a
GBS constant of 11.2 nm of fcc structure, consistent to that found in
the previous work at relevant fission densities.

At high fission density of 5.5 � 1021 f/cm3, the complex transi-
tional microstructure at the Mg-Al alloy interface appears further
developed with coexisting of Al12Mg17 phase and elongated
Al12Mg17 precipitates in Mg matrix. No convincible evidence of
U(Mo) and Mg interaction product can be found. The radiation
mixing appears enhanced at some surface region of U(Mo) and
Please cite this article in press as: J. Gan, et al., TEM characterization of irra
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agglomeration of U(Mo) in Mg becomes evident. In the U(Mo) fuel
particle interior, subdivided grains with few hundred nm and small
misfit angles are identified with no sign of large bubble develop-
ment at those boundaries. Small pockets of residual GBS are still
present with bubble size and GBS constant similar to that found at
low fission density.
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